In this chapter, a hybrid modeling procedure of Li-ion battery modules is presented. From experimental results, the parameters of an electrical circuit have been determined by means of time-and frequency-domain tests. In this way, the dynamic behavior of the battery-pack is modeled. The tests have been performed at the whole battery-pack, instead of a single-cell approach, in order to consider the packaging effects of multicell devices. The real performance of the battery-pack under dynamic applications associated with distribution grids has been simulated using a hardware-in-the-loop (HIL) experimental setup. According to simulation results, the hybrid model follows the battery-pack response with high accuracy.
Introduction
Introducing renewable energy sources such as photovoltaic generators and wind turbines into energy distribution grids presents some drawbacks because the energy generation is discontinuous and strongly depends on daily weather conditions. For these reasons, distribution grids with high penetration of renewable resources present problems of reliability, stability, and power quality [1] . To solve these issues, several researchers recommend energy storage systems as support systems [2, 3] .
In recent years, the improvements in terms of materials, high specific energy and power, and long life cycle have made Li-based batteries as a viable option to reduce renewable generation interruptions [4] . Because the nominal voltage of Li-ion cells is less than 4 V, commercial devices are composed by several Li-ion cells in a combination of series and/or parallel connections, to provide the desired power and capacity of the grid-scale applications. Multicell Li-ion devices include a battery management system (BMS) in order to prevent the cells' voltage, temperature, and charging/discharging current from exceeding the safety limits [5] . Also, the BMS uses algorithms to equalize the cells' voltage to avoid the cells' voltage differences (produced by manufacturing processes and/or ageing processes) from limiting the whole pack performance [6] . Besides electrochemical behavior of Li-ion cells, the performance of the battery-pack is affected by the interactions between cells and BMS components. This configuration increases the nonlinear behavior of commercial battery devices compared with single cells. For all these aforementioned reasons, modeling of battery-packs is a difficult task.
Several battery models have been proposed in literature in order to facilitate their integration into different applications. The most detailed models include electrochemical-or physical-based models, which are able to accurately describe the chemical processes taking place inside battery cells [7, 8] . Despite their accuracy, these models are very complex to be implemented in a simulation tool, and the coupled nonlinear differential equations that compose the model require heavy computational work [9, 10] . In contrast with electrochemical models, electrical circuit models are not very complex, allow the simulation of the electrical response of the battery by using electrical elements (resistances, RC networks, ideal voltage sources, etc.), and can be easily incorporated in control strategies and simulation platforms. The simplest electrical circuit model of a battery is given by Thevenin's equivalent circuit, which is composed of an ideal voltage source in series with a constant internal resistance [11] [12] [13] . This model can be used in an initial stage of battery dimensioning, but in the case of dynamic applications, it does not offer information regarding the transient behavior of battery [10, 14] .
The accuracy of a battery model depends on the procedure used to obtain its parameters. Modeling techniques can be classified from simple black-box approaches to time-or frequency-domain procedures. Black-box models are simple to obtain, but do not provide information on the battery's internal behavior. Time-domain models are obtained from the analysis of the battery voltage evolution during charge-discharge tests by means of the procedure called current interruption test. In order to improve the model accuracy, some authors [15, 16] use online parameter identification methods to predict battery dynamical behavior as a function of time. These models are relatively easy to obtain, but their validity is usually limited to specific load regimes [17] . Frequency-domain based models are performed by means of electrochemical impedance spectroscopy (EIS) tests [18, 19] . In this technique, a small AC excitation signal (either current or voltage) is applied as a variable frequency sweep to the battery. To obtain a linear model, the amplitude of the AC excitation signal applied to the cell is kept between 5 and 10% of the rated voltage/current. Although EIS models can be time-consuming to obtain, they can reproduce accurate battery behavior in a wide frequency range, typically from mHz to kHz [20, 21] . The equivalent complex impedance is calculated as the quotient between the instantaneous values of voltage and current for each test point.
Li-ion battery-packs are modeled in the majority of the cases as an aggregation of individual cell models, neglecting the packaging effects of multicell devices, although some recent works have shown that considering the interactions between cells and BMS elements can improve the accuracy of the Li-ion battery-packs models [22, 23] . Also, most battery models do not consider that battery modules can work at different dynamic regimes due to internal electrochemical processes that affect their transient behavior. In highly dynamic applications such as electrical grid support or frequency control in microgrids, there are three time constants of special interest [24] . The first one corresponds to the fast processes with dynamic performance from millisecond to seconds, and it is related to safety control of the battery-pack. The second constant refers to the load regime, which produces different charging/discharging cycles of the battery-pack. Finally, ageing processes that Hybrid Modeling Procedure of Li-Ion Battery Modules for Reproducing Wide Frequency Applications… DOI: http://dx.doi.org/10.5772/intechopen.88718 occur during long time (months or years) affect the state of charge (SOC) estimation. All these aspects should be taken into account in the modeling procedure of Li-ion battery-packs in order to reproduce their real behavior.
This work presents a hybrid modeling procedure of battery-packs based on time-and frequency-domain tests. From experimental results, the parameters of an electrical circuit are calculated. The elements of the electric circuit are a voltage source, which is determined by current interruption tests (in time domain), and an impedance measured by electrochemical impedance spectroscopy tests (in frequency domain). All tests have been carried out at the whole battery assembly, instead of single-cell measurements, in order to consider the packaging effects of multicell devices. The model has been experimentally validated using hardware-inthe-loop (HIL) simulations. In this way, the battery-pack performance under high dynamic load regimes in distribution grids has been reproduced.
The chapter's contents are organized as follows: Section 2 explains the proposed hybrid model procedure, Section 3 presents the validation tests using a hardwarein-the-loop experimental setup, and finally, in Section 4, the conclusions are presented.
Hybrid modeling procedure
To reproduce the behavior of Li-ion batteries using an electric circuit, the circuit topology includes a voltage source that represents the active behavior of the battery and a series impedance of the passive one. In the hybrid experimental procedure proposed in this work, the parameters of the electrical model have been calculated from experimental results of both time-and frequency-domain tests.
The modeling procedure is applied to a commercial battery-pack composed of four parallel-connected strings (seven cells connected in series in each string) and a battery management system. BMS functions include measurement of cell voltage, temperature, and current of each series connection, an algorithm for cell voltage balancing, and the disconnection during charging and discharge processes (to avoid cells over/under voltage). Figure 1 shows a battery-pack connection scheme. The technical data of the battery-pack are presented in Table 1 . 
Modeling of the voltage source
To model the voltage source (E 0 ) of the battery-pack, the relationship between the open circuit voltage (OCV) and the state of charge is calculated by means of current interruption tests. First, the battery-pack is totally charged applying the constant current-constant voltage method (25 A until reaching the maximum voltage). After charging process, the device is discharged at current pulses of 10 A for 30 min (0.1 SOC variation) followed by 90 min of relaxation time. The OCV value for each test point is recorded when the relaxation time ends. Finally, the batterypack is recharged at current pulses of 10 A for 30 min (0.1 SOC variation) followed by 90 min of relaxation time as in the case of discharge process. In the same manner, the OCV values are recorded at the end of the relaxation time. The results of these tests are shown in Figure 2 (discharging test) and Figure 3 (charging test). Table 2 presents the OCV values associated with each SOC test point, and this relationship is also sketched in Figure 4 . As it can be seen, at the end of charge test, the final value of 100% of SOC is not reached because the BMS limits the applied current during the two last pulses. It is important to highlight that this situation does not occur when a single cell is tested, because the cell is charged and discharged from 100% SOC to 0% SOC without protection of BMS. In addition, test results do not show a high deviation of the average values as is reported in literature [25] ; therefore, these values are used to evaluate the OCV-SOC relationship, which is presented in Eq. (1). 
Modeling of the battery-pack's complex impedance
To carry out EIS tests, an impedance analyzer is generally used. This device generates a frequency sweep signal and measures the voltage and current in each test point. As a result, the complex impedance is calculated. Because most of commercial impedance analyzer generates AC signals less than 100 mA (suitable for cell testing), in this work, this signal is amplified and controlled by means of the experimental test bench deeply explained in [26] .
EIS tests have been performed at different SOC values (20, 40, 60, 80, and 90% SOC) to analyze the effects of these SOC variations. The frequency sweep has been set from 1 mHz to 5 kHz (typically test range), with an AC ripple of 5 A (10% I max ). Figure 5 shows the Nyquist plots of the EIS results, which has been used to analyze the impedance behavior of the tested battery module. In this graph, the real part of the complex impedance (Z') is represented along the x-axis and the imaginary part (Z") along the y-axis. The capacitive behavior corresponds to negative values of Table 2 .
OCV values at each test point.
Z" and the inductive behavior to the positive ones. In this way, it is easy to identify the parameters of the electrical circuit. According to EIS results, the impedance of the pack tested shows a capacitive behavior from 1 mHz to 316 Hz. From this value, the pack impedance corresponds to an ideal inductance. The differences in these plots reflect that SOC variations affect the capacitive behavior from 1 mHz to 4 Hz. For low frequencies, the Nyquist plots show that both real (Z') and imaginary (Z") parts of the impedance decrease with frequency, drawing a line with a slope of almost 45°. From 18 mHz to 4 Hz, the plots present semicircular shapes, whose diameter diminishes with increasing SOC. For medium frequencies (4 to 316 Hz), the impedance corresponds to a semicircle of constant diameter. To simulate these capacitive behaviors, several RC networks connected in series can be used [20, 21] . The value of equivalent resistance of the battery-pack is R o ≅ 39 mΩ.
To analyze the influence of the impedance components on the dynamic response of the battery-pack, Figure 6 shows the EIS result at 40% SOC. The results analysis allows to associate the most relevant time constants with the impedance behavior of the battery-pack. Most of the dynamic applications of the batteries (load/frequency control or renewable generation support) have their time constants from 1 mHz to 316 Hz; for this reason, the inductive behavior can be neglected. In this frequency range, the RC networks that reproduce the impedance behavior can be used to determine the different time constants that affect the dynamic response of the tested battery-pack. These time constants (τ1, τ2, τ3) are calculated from EIS test results and presented in Table 3 .
Hybrid model of the battery-pack
As a result of these combined time-and frequency-domain tests, an electrical circuit has been determined. Also, the model includes an integration current SOC estimator, to guarantee that the parameters of the electrical circuit simulate the dynamic behavior of the battery-pack for different SOC conditions, as shown in Figure 7 . The inputs of the model are the initial value of SOC (SOC 0 ), the battery-pack capacity (Cn), and the current (i pack ). The output corresponds to the voltage response of the battery-pack (u pack ), which is calculated by Eq. (2), where uRo, uc1, uc2, and uc3 simulate the voltage response of the ohmic resistance and each RC network, respectively:
Hybrid model validation
To verify the accuracy and reliability of the proposed model to simulate the battery-pack behavior, hardware-in-the-loop simulations are used. HIL is a widely used experimental technique to reproduce the real conditions of physical applications [27, 28] , using lab devices such as electronic loads, power sources, sensors, and data acquisition systems (in the case of electric applications). To perform the HIL simulation of the battery-pack, the experimental setup shown in [26] is used. In this test bench, the load regime is simulated by means of a MATLAB/Simulink model (software simulation). This current signal is used to control (by DSpace control system) the output signal of an electronic load and a power source connected in parallel to reproduce the charging/discharging cycles. This configuration is called hardware simulation; in this way, real devices are used to test the battery-pack. A control schema of the HIL simulation is shown in Figures 8 and 9 that presents a picture of the test bench. Three simulations of the battery-pack performance under dynamic regimes associated with distribution grids operation have been analyzed. The first one corresponds to a load frequency control application (LFC), which is related to grid frequency control, with typical time constants ranging from 0.2 ms to 10 s. The second one reproduces the dynamic voltage support (DVS) of a renewable energy source during 110 s. The simulated models of these load regimes are based on the operation of a hybrid ac/dc microgrid presented in [29] . Finally, the third one simulates the performance of an energy support device uninterruptible power supply (UPS). The time duration of this energy support is less than 30 min; and to test the transient response, different current steps have been simulated. The current profiles associated with these applications are shown in Figures 10-12 . These current signals are used as the input signals of the HIL simulations. The simulations have been performed at different SOC values to check the model response under SOC variations. Figures 13-18 present the comparison of the voltage response of Hybrid Modeling Procedure of Li-Ion Battery Modules for Reproducing Wide Frequency Applications… DOI: http://dx.doi.org/10.5772/intechopen.88718 the hybrid model (U model ) and the voltage measurement at battery-pack terminals (U bpack ) during the HIL simulations.
The validations tests show that the hybrid model simulates the battery-pack behavior with high accuracy in all cases analyzed. The maximum errors for each simulation are 0.28% (LFC), 0.40% (DVS), and 0.23% (UPS).
Conclusions
This chapter presents a hybrid modeling procedure of Li-ion battery-packs which is able to simulate the dynamic behavior associated with electric grid applications. The parameters of an electrical circuit have been calculated from experimental results of current interruption and EIS tests. The active behavior of the battery-pack has been simulated by a voltage source, and the impedance reflects the electrochemical processes by means of three RC networks (which correspond to three different time constants) and an ohmic resistance. The experimental procedure has been performed at the whole battery-pack in order to include the interactions of battery cells and BMS components.
To reproduce the battery-pack behavior under high dynamic applications of distribution grids, a hardware-in-the-loop platform has been used. Three different cases (load frequency control, dynamic voltage support, and uninterruptible power supply) at different SOC conditions have been simulated. The validation results show that the hybrid model reproduces the dynamic behavior of the battery-pack with high accuracy in all cases analyzed. inconsistency estimation of lithium-ion battery pack using mean-difference model and extended Kalman filter. Journal of Power Sources. 2018;383:50-58
